Rho family GTPases play roles in cytoskeletal organization and cellular transformation. Tiam1 is a member of the Dbl family of guanine nucleotide exchange factors that activate Rho family GTPases. These exchange factors have in common a catalytic Dbl homology and adjacent pleckstrin homology domain. Previous structural studies suggest that the pleckstrin domain, a putative phosphoinositide-binding site, may serve a regulatory function. We identified ascorbyl stearate as a compound that binds to the pleckstrin domain of p120 Ras GTPaseactivating protein. Furthermore, ascorbyl stearate appears to be a general pleckstrin domain ligand, perhaps by mimicking an endogenous amphiphilic ligand. Tiam1 nucleotide exchange activity was greatly stimulated by ascorbyl stearate. Certain phosphoinositides also stimulated Tiam1 activity but were less potent than ascorbyl stearate. Tiam1 contains an additional N-terminal pleckstrin domain, but only the C-terminal pleckstrin domain was required for activation. Our results suggest that the pleckstrin domains of Dbl-type proteins may not only be involved in subcellular localization but may also directly regulate the nucleotide exchange activity of an associated Dbl homology domain. In addition, this paper introduces ascorbyl stearate as a pleckstrin domain ligand that can modulate the activity of certain pleckstrin domain-containing proteins.
with phosphoinositides (3, 4) . Such interactions may facilitate membrane localization. For other proteins, PH domain-inositol interactions may directly regulate the activity of an associated catalytic domain (5) (6) (7) (8) (9) (10) .
Rho family GTP-binding proteins constitute a subfamily of the Ras-like GTPases. The first cellular functions assigned to the Rho family members were related to actin cytoskeletal organization (11, 12) . More recently, these GTPases have been implicated in cell cycle progression (13) , transcriptional regulation (14, 15) , and cellular transformation (16 -19) . A role in transformation had been foreshadowed by the recognition that a class of potent oncogenes, the Dbl family members, were activators of Rho GTPases (20) . Like members of the Ras superfamily of GTPases, Rho GTPases cycle between GDP-and GTP-bound states and actively transmit signals in the GTPbound state. GDP/GTP cycling is affected not only by intrinsic GTPase activity but also by accessory proteins such as GDP dissociation inhibiting factors (GDI), GTPase-activating proteins (GAP), and guanine nucleotide exchange factors (GEF) (21) . Dbl family GEFs stimulate the rate of nucleotide exchange on the Rho subfamily of small GTP-binding proteins, thereby converting them to an active state. GEFs that activate Rho family proteins have in common a Dbl homology (DH) and an adjacent PH domain. In this related family of GEFs, the DH domain is believed to mediate the stimulation of exchange (22) . The function of the PH domain is still unclear. Interestingly, many other GTPase-regulating proteins, such as p120 Ras GAP, also contain PH domains (21) .
In Rho family GEFs, the PH domain is situated immediately C-terminal to the DH domain, and truncation of the PH domain of Dbl does not affect GEF activity in vitro but does prevent cytoskeletal association of and transformation by Dbl (23) . Similarly, the transforming capacity of Lfc is abolished by truncations of the PH domain. In this case, transforming ability can be restored by providing membrane localization via prenylation (24) . Therefore, for these two Dbl family members, the PH domain facilitates the activation of the GTPase by promoting proper cellular localization.
The Dbl family member Tiam1 was identified in a screen for genes that allowed a noninvasive lymphoma to infiltrate a fibroblast monolayer (T-lymphoma invasion and metastasis) (25) . In this screen, retroviral insertion caused overexpression of an N-terminally truncated Tiam1 that conferred an invasive phenotype. Overexpression of truncated Tiam1 in NIH3T3 cells also stimulates ruffling and tumorigenicity (26) . These effects are presumably via activation of Rac; constitutive activation of Rac by point mutation also induces ruffling (12) , tumorigenicity (16, 17) , and T-lymphoma invasion (27) . Furthermore, dominant-negative Rac can inhibit Tiam1-induced ruffling (27) .
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§ Present address: Cytokinetics, Inc., 280 East Grand Ave., Suite 2, South San Francisco, CA 94080. ture of DH-PH domains (28 -30) . Insights from these experiments, as well as mutational dissection of these domains (10, 23, 31) , suggest a possible mechanistic role for the PH domain in regulating GEF activity. In an effort to examine the functions of PH domains, we have identified a PH domain ligand and explored its effects on enzymatic activity. Results of these biochemical experiments along with additional genetic experiments addressing the role of the PH domains of Tiam1 support the view that PH domains are able to regulate enzymatic activity.
EXPERIMENTAL PROCEDURES

Synthesis of Ascorbyl Esters
The synthesis of the various C-6 ascorbyl esters followed the procedure covered in the patent US 4997958. Preparation of the 6-deoxyascorbic acid used for 6-deoxy-5-AS followed the procedures given in Refs. 32 and 33. Dehydro-AS was prepared according to Ref. 34 . Dihydro-AS was prepared by catalytic hydrogenation of AS in ethanol over Pd/C.
cDNA Cloning and Subcloning of Human Tiam1
When this project was initiated, hTiam1 sequence was not available, so primers were designed against published mouse Tiam1 cDNA sequence (Ref. 25 ; NCBI GenBank accession number U05245) and used in PCR reactions using a human fetal brain library (Stratagene accession number 936206) as template to obtain fragments of the human Tiam1 gene that were radiolabeled and used as probes in Southern hybridizations of the same library. Primer pairs used were both 5Ј-CCATAAAA-CCATGGGAAACGC-3Ј and 5Ј-GGTTCCGCGGAAGAGAAGGAT-3Ј with 5Ј-GACTGGCCCGGGGAACTGAGG-3Ј; and 5Ј-TCGGATGCGGA-TAAGCTGCGC-3Ј with 5Ј-GTGACTGGCGACCTTGTTCAT-3Ј. Two partial clones of human Tiam1 cDNA were retrieved, one contained nucleotides 1-2972 and the other contained nucleotides 2972-4657 (numbering throughout corresponds to published hTiam1 cDNA ( (35) , NCBI GenBank accession number U16296). To obtain missing C-terminal sequences, a PCR employing oligonucleotides designed against the hTiam1 cDNA 5Ј-CGGAATTCAGATTTCGACACATGATC-3Ј and 5Ј-TCGCCCGGGGCAGGTGACGCAGTCAGA-3Ј (contains SmaI site downstream of stop codon) as primers and a human hippocampal library (CLONTECH accession number HL3023b) as template produced a fragment containing nucleotides 4458 -5366 that was added to existing clones using the internal Eco47III (4487) site. A similar strategy using the antisense primer 5Ј-GATCCCGGGTCATGTTTCTGGTTCT-GGGATCTCAGTGTTCAGTTTCCTG-3Ј was used to add the KT3 epitope tag "PEPET," a stop codon, and a SmaI site to the end of Tiam1. To splice the two partial clones together, a PCR reaction using 5Ј-CG-GAATTCCATGGGCCGCCTTGGAATCT-3Ј and 5Ј-TCGCCCGGGCGT-CAGCAGCACGATTAT-3Ј as primers and a human brain cDNA library (CLONTECH accession number HL50156) as template produced a product spanning nucleotides 2422-3189, which was cloned into pBS SKϩ (Stratagene accession number 212201) using EcoRI and SmaI. NcoI (472)-NcoI (2422) and StuI (3134)-SmaI fragments were ligated into this vector, creating full-length clones, with and without the KT3 tag.
Alterations from Published Sequence
The 5Ј clone obtained from the library contained an insert of sequence 5Ј-GGTGAGCAGTTTACACTTTCATATACTCCCTGTCATGT-GCTTTGAAGGACTTTCTAGGGGCATCAAG-3Ј in the upstream noncoding region at nucleotide 105. Original clones from the Stratagene fetal brain library as well as all PCR products from CLONTECH hippocampal and brain libraries contained a difference in sequence from the published Tiam1 cDNA (35) ; a G at nucleotide 3005 instead of a C, which therefore encodes a Gln in position 844 instead of a His. In addition, PCR introduced mutations G4739A and G5153A.
Expression Vectors of Tiam1
To express Tiam1 in baculovirus, the following expression vectors were constructed.
135-kDa Tiam1-The 5Ј-phosphorylated oligonucleotides 5Ј-GTCAT-GATGG-3Ј and 5Ј-TCCATCATGACGGCC-3Ј were used as linkers to recircularize ApaI-EcoNI (1673)-digested pBS SKϩ-based full-length Tiam1. The linker-created BspHI site and the vector-derived SpeI site were used to clone the 4006-bp fragment into NcoI-XbaI-digested pAcC4 (36) . This protein encompasses amino acids 402-1591 and was produced as both N-terminally Glu-tagged and C-terminally KT3-tagged proteins with equivalent results.
GST-PH Domain Fusion Proteins-For expression in Escherichia coli, products from PCR reactions using Tiam1 cDNA as template and 5Ј-CAGGAATTCGTGCGCAAGGCCGGCGCCCTG-3Ј and 5Ј-GTGCTC-GAGCTACGCAGTGGCGCAGGCAGAGTG-3Ј (N-terminal PH domain) as primers or 5Ј-GAGGAATTCGATCTGAGCATGGGAGACCTG-3Ј and 5Ј-CTGCTCGAGCTACTTATCACGCAGGATTGAATG-3Ј (C-terminal PH domain) were cloned into pGEX20T (37) using EcoRI and XhoI. PH-N spans amino acids 434 -549 and PH-C spans amino acids 1261-1397.
Expression Vectors of Tiam1 Truncation Mutants
(numbering throughout corresponds to published hTiam1 cDNA (Ref. 35 ; NCBI GenBank accession number U16296). To express the appropriate Tiam1 constructs in baculovirus, the following expression vectors were constructed.
Full-length (178-kDa) Tiam1-A KT3-tagged 4792-bp NcoI (472)-SmaI fragment was ligated into NcoI-SmaI-digested pAcC4 (36) .
135-kDa Tiam1-The 5Ј-phosphorylated oligonucleotides 5Ј-GTCAT-GATGG-3Ј and 5Ј-TCCATCATGACGGCC-3Ј were used as linkers to recircularize ApaI-EcoNI (1673)-digested pBS SKϩ-based full-length Tiam1. The linker-created BspHI site and the vector-derived SpeI site were used to clone the 4006-bp fragment into NcoI-XbaI-digested pAcC4.
106-kDa Tiam1-The NcoI (472)-NcoI (2422) fragment was removed from the full-length pAcC4-based expression vector.
85-kDa Tiam1-PCR using 5Ј-CTTGAATTCCACCATGGAAATCT-GTCCAAAAGTCACT-3Ј and 5Ј-TCGCCCGGGCGTCAGCAGCACGAT-TAT-3Ј as primers and the Stratagene Tiam1 nucleotides 2972-4657 clone as template was used to create an NcoI-StuI (3134) fragment that placed an ATG before nucleotide 2972. The 2297-bp NcoI-SmaI was ligated into NcoI-SmaI-digested pAcC4.
66-kDa Tiam1-The 5Ј-phosphorylated oligonucleotides 5Ј-CATG-GACCAGAACCCATCTCC-3Ј and 5Ј-TGAGGAGATGGGTTCTGGTC-3Ј were used as linkers to recircularize NcoI (472)-Bsu36I (3534)-digested pBS SKϩ-based full-length Tiam1. The linker-regenerated NcoI site and the vector-derived SpeI site were used to clone the 1761-bp fragment into NcoI-XbaI-digested pAcC4.
⌬PH-C versions of Tiam1-The oligonucleotides 5Ј-GCCAGAACCA-GAAACATGAC-3Ј and 5Ј-CCGGGTCATGTTTCTGGTTCTGGC-3Ј were used as linkers to recircularize Eco47III (4487) and XbaI-digested pAcC4-based expression vectors containing the 135-, 106-, 85-, and 66-kDa versions of Tiam1. These primers also restored the KT3 tag. For expression in mammalian cells, a subset of these truncation mutants were subcloned into pCANmyc (38) , resulting in cytomegalovirus promoter-driven Myc-tagged Tiam1 expression.
Purification of Proteins
Baculovirus Expression-All Tiam1 constructs, except for the GST fusions, were produced in baculovirus-infected Spodoptera frugiperda (Sf9) cells and were purified using KT3-mAB immunoaffinity chromatography (39) . Some of the Tiam1 constructs and GTPases were also purified using Glu-mAB immunoaffinity chromatography (36) . Glutagged Rac was harvested either from detergent-lysed cells or exclusively from cytosolic or membrane fractions (40) .
E. coli Expression-GST fusion proteins were expressed in and purified from E. coli as described previously (22, 41) .
Nucleotide Exchange Assay
Reactions were conducted at room temperature in buffer A (20 mM Hepes, pH 7.3, 50 mM NaCl, 2 mM dithiothreitol, 2 mM MgCl 2 ). All proteins and compounds were diluted to 4-fold their final concentrations in buffer A (GTPases were diluted in buffer A containing 1 M GDP). To dilute ascorbyl stearate, ascorbyl palmitate, and stearic acid, 25 mM EtOH solutions were slowly added to buffer A while vortexing vigorously. Other lipids were dried under nitrogen and before use, resuspended in aqueous solution with vortexing and bath sonication and then diluted into buffer A. Reactions were prepared and at time 0, [␣-32 P]GTP (NEN Life Science Products accession number NEG006H) was added to 4.5 nM, and after 10 min reactions were stopped by filtering onto nitrocellulose filters (Millipore accession number HAWP02500) and immediately washing with wash buffer (25 mM Tris, pH 7.5, 100 mM NaCl, 30 mM MgCl 2 ).
Ras GTP Hydrolysis Assay
GAP-dependent GTP hydrolysis by N-Ras was determined via a phosphate release assay as described previously (42) . Neurofibromin, full-length p120 RasGAP, and N-terminally truncated catalytic domain were purified as described previously (43) .
Microinjection
Porcine aortic endothelial cells were microinjected with plasmids in the nucleus, fixed after ϳ6 h, and stained as described previously (44) .
RESULTS
Ascorbyl Stearate Is a p120 RasGAP Inhibitor-AS was identified while screening a library of compounds for inhibitors of p120 RasGAP. AS prevented the activation of Ras GTPase by p120 RasGAP (Fig. 1A) . To map the site of AS action, an N-terminally truncated p120 RasGAP that is missing its PH domain was used. The isolated GAP catalytic domain was no longer inhibited by AS, suggesting that the PH domain mediates ligand-dependent inhibition of p120 RasGAP (Fig. 1A) . Inhibition of GAP activity occurs at AS concentrations well below its critical micelle concentration (data not shown), implying a specific binding site. To further map the site of AS action, peptides modeled on sequences of p120 RasGAP were tested for their ability to interfere with AS function, and a peptide corresponding to the sequence in the N-terminal portion of the PH domain (LKKGKGKRWK) was found to possess this quality (Fig. 3E) . 2 Note that inhibition of GAP activity by lipids such as PIP2 has been previously described (45) . However, PIP2 inhibition of GAP activity is selective for neurofibromin, the other major human RasGAP. Neurofibromin is not affected by the concentrations of AS described here (Fig. 1A) , suggesting a different mechanism of inhibition. This is consistent with the present study, because neurofibromin does not contain a canonical PH domain. Instead, the lipid inhibition effects on neurofibromin may occur via another lipid-binding domain homologous to a region of the yeast Sec14 protein (46) .
Chemical analoguing of AS reveals a structure-activity relationship that argues for a relatively specific interaction with the pleckstrin domain (Fig. 1B) . For example, a fatty acid side chain with at least 14 carbons is required; increases in chain length increase potency (panel a). Additional active (IC 50 Ͻ 50 M) and inactive analogs also proved interesting (data not shown). Unsaturated fatty acid esters (C18 with one cis-, one trans-, or two cis-double bonds) of ascorbate were inactive. Although an alkyl amino C18 derivative was inactive, its Nacetyl derivative and the C18 amides were active. AS with sulfoxides at both C-6 and C-5 were more active than the corresponding sulfones at C-6 and C-5, but both were active. Whether the stearate was at the 5 or 6 position of ascorbic acid was not important, the 6-deoxy-5-ascorbyl stearate was as active as AS (panel c). The loss of activity observed on reduction of the enediol unit (panel f) and lack of activity of the 2,3-di-Omethyl ether derivative of the AS (panel e) show the importance of this moiety for activity. This may reflect a need for the acidity imparted by the enediol moiety because the 3-O-methyl ether of AS was 8-fold less active (panel d), the 3-hydroxyl being more acidic than the 2-hydroxy (pK a 4.25 versus pK a 11.79).
These results suggest that binding of AS to the p120 Ras GAP pleckstrin domain requires specific hydrophobic and hydrophilic contacts. The required presence of a carbonyl, sulfone, or sulfoxide moiety at either C-5 or C-6 suggests the need for a hydrogen bond acceptor on the ligand. The requirement for the 2 E. Heimer and A. Wood, unpublished observations. enediol unit of AS may indicate the need for the acidic or oxidation/reduction properties of this entity. The fact that ascorbic acid ϩ methyl stearate was inactive suggests a structural element is critical to this inhibition.
To investigate the universality of PH domain-AS interactions, we tested other PH domain-containing proteins for their response to AS. Although certain inositol lipids can enhance the kinase activities of PKB and its upstream activator PDK1 via their PH domains (8) , AS had no effect on their activities (data not shown). However, Tiam1, a Dbl family exchange factor that activates Rac and has two PH domains, was significantly activated by AS.
Ascorbyl Stearate Is a Tiam1 Activator-Mouse Tiam1 purified from transiently transfected COS cells has been reported to stimulate the rate of nucleotide exchange on Rac1 and Cdc42 in vitro (27) . Human Tiam1 was cloned into baculovirus expression vectors and purified from Sf9 cells by affinity chromatography. Using similar conditions to those described in Ref. 27 , hTiam1 showed no GEF activity toward Rac1 (Fig. 2A, open  circles) . However, in the presence of AS, the rate of nucleotide exchange on Rac1 was now enhanced (Fig. 2A, filled symbols) . To demonstrate that AS does not directly enhance nucleotide exchange on Rac, a titration of Tiam1 was performed in the absence or presence of AS (Fig. 2B) . Therefore, Tiam1-mediated exchange is dependent on AS. Although AS has the potential to act as a detergent or a reducing agent, a selection of other detergents and reducing agents did not stimulate Tiam1 GEF activity (data not shown).
Under our conditions, hTiam1 appears to be a specific GEF for Rac1, because it did not enhance nucleotide exchange on Cdc42 or RhoA, in the absence or presence of AS (Fig. 2C) . Ras and Rho GTPases contain C-terminal CAAX motifs prescribing Cys-directed prenylation, AAX removal, and carboxymethylation (47) . Some regulators of GTP-binding proteins, such as smgGDS and RhoGDI, are only active on C-terminally processed GTPases (48 -50) . To test the potential role of these post-translational modifications, we purified Rac1 from the cytosolic (S-Rac) and membrane fractions (P-Rac) of baculovirus extracts. We found that Rac prenylation does not relieve the dependence of Tiam1 on AS (Fig. 2D) .
The striking effect of AS on Tiam1 nucleotide exchange activity prompted us to test the effects of AS on additional nucleotide exchange factors. Results shown in Fig. 2E demonstrate that both p115 Rho GEF, an exchange factor for RhoA, (51) and Dbl, an exchange factor for the Rho-related GTPase Cdc42, (20) are significantly activated by AS. Coupled with the information that AS also binds to the PH domain of p120 RasGAP (Fig. 1) , these results strongly suggest that AS is a PH domain ligand that can mimic the effects of physiological activators and inhibitors.
Lipid Enhancement of Tiam1 Activity on Rac1 Is Mediated by Its C-terminal PH Domain-Tiam1 has two PH domains that could mediate the activation by AS. To determine which PH domain of Tiam1 specifically mediates AS stimulation, truncation mutants of Tiam1 were constructed (Fig. 3A) . Because the DH domain is likely to confer the GEF catalytic activity (22) , the DH domain was kept intact in all of the Tiam1 truncation mutants. Whereas we were unable to purify sufficient quantities of the full-length (178 kDa) Tiam1 protein, we were able to isolate and test the in vitro activity of N-terminal truncation mutants producing proteins of 135, 106, 85, and 66 kDa. In addition, C-terminal truncation removing one third of the Cterminal PH domain and downstream sequences were made for each of these proteins (⌬PH-C versions). Removing sequences N-terminal of the DH domain did not affect AS responsiveness, and all proteins were dependent on AS for significant GEF activity (Fig. 3, B and C) , indicating that neither the N-terminal PH domain nor other N-terminal sequences mediated activation by AS. However, truncation into the C-terminal PH domain (⌬PH-C proteins) resulted in loss of AS responsiveness, and this was not affected by the presence of the N-terminal PH domain (Fig. 3C) . It should be noted that the ⌬PH truncation could result in global protein instability, although the purified protein does appear intact. For the Dbl, Sos, and Vav proteins, PH domain truncations result in active DH domains (10, 23, 31) .
To determine whether the PH domains could bind to AS, GST-PH fusion proteins were included in the reaction. Although GST alone did not affect AS-stimulated Tiam1 exchange activity, both of the Tiam1 GST-PH domain fusion proteins inhibited the ability of AS to activate Tiam1 (Fig. 3D) , suggesting that both PH domains can bind to AS. In this experiment, we show activation by AS titrated from 0 to 15 M. 1 M of either PH domain fusion protein completely inhibited up to 8 M of AS. Therefore, both PH domains have the potential to bind AS. Nonetheless, deletion mutants show that ASdependent activation is mediated by the C-terminal PH domain (Fig. 3, A-C) .
Because a peptide derived from the p120 RasGAP PH domain was capable of reversing the effect of AS on GAP activity, a corresponding peptide derived from the C-terminal Tiam1 PH domain was synthesized and tested for effect on AS-stimulated Tiam1 exchange activity. As shown in Fig. 3E , this peptide (LLHTTVIWLNPPASLGKWK, corresponding to hTiam1 residues 1268 -1286) reverses the Tiam1 stimulatory activity of AS. The AS concentration in this experiment is 25 M; 50 M peptide is required to reverse the AS effect. This suggests that ligand binding activity is imparted by this region of the PH domain. Note that this peptide does not affect the Tiam1 nucleotide exchange in the absence of AS.
Phosphoinositides Can Also Activate Tiam1-Several other lipids were tested to determine the specificity of activation, and the activity of these lipids is compared with that of AS in Fig. 4 . Phosphatidylinositol-4-phosphate and PIP2 significantly enhanced Tiam1 activity. Phosphatidylinositol-3,4,5-trisphosphate (PIP3), phosphatidylserine, and phosphatidylglycerol had weak effects, and phosphatidylinositol and phosphatidylcholine had no effect (Fig. 4) . Head groups alone were not sufficient to activate Tiam1; neither D-myo-inositol 1,4-bisphosphate nor D-myo-inositol 1,4,5-trisphosphate could stimulate exchange (Fig. 4) .
A smaller panel of compounds related to AS were tested to determine the specificity of activation. Ascorbyl palmitate significantly enhanced Tiam1 activity. However, effectiveness was strictly dependent on the amphiphilic nature of the compounds, because component parts were not sufficient to activate Tiam1; ascorbic acid, stearic acid, and an ascorbic acid/ stearic acid combination did not stimulate exchange (Fig. 4) .
The C-terminal PH Domain Is Critical for Tiam1 Function in Cells-To determine whether either PH domain was necessary for Tiam1 to activate Rac in cells, plasmids encoding truncation mutants (Fig. 3A) were microinjected into porcine aortic endothelial cells, and the actin cytoskeleton was examined by phalloidin staining. The 85-kDa Tiam1 protein induced the formation of lamellipodia (Fig. 5, A and B) , which is a hallmark of Rac activation. The Tiam1-induced phenotype was similar to that produced when plasmids encoding activated Rac are injected into porcine aortic endothelial cells (44) . Cells became flattened and lamellipodia, which appeared as large, smoothly arced projections with accumulation of F-actin at the periphery, became visible. In contrast, the 85-kDa Tiam1 ⌬PH protein, in which C-terminal truncation removes one-third of its C-terminal PH domain, did not induce lamellipodia (Fig. 5, E and F) . To determine whether it was the PH domain or downstream sequences that were crucial for Rac activation, we made another truncation mutant which was truncated up to but not into the PH domain. We found that this protein, 85-kDa Tiam1 ⌬C, could induce lamellipodia as well as or better than 85-kDa Tiam1 (Fig. 5, C and D) .
We also examined the contribution of the upstream PH domain to Rac activation. Whereas the 85-kDa Tiam1 construct produced lamellipodia in 50 -70% of cells, depending on the experiment, the 135-kDa Tiam1 and the 178-kDa Tiam1 (fulllength) versions, which both contain the upstream PH domain, induced lamellipodia in Ͼ90% of cells. In addition, the cells displayed a stronger Rac phenotype (Fig. 5, G-J) , as evidenced by pronounced arcing and appearance of multi-lobed cells. These results indicate an important role for the upstream PH domain in Tiam1 function. The upstream PH domain, however, could not compensate for truncation into the C-terminal PH domain, because the 178-kDa Tiam1 ⌬PH did not produce any phenotype (Fig. 5, K and L) .
To investigate whether the N-terminal PH domain may be involved in membrane localization, some of the deletion mutants were tested in partitioning assays. The plasmids encoding the 135-kDa Tiam1 and the 85-kDa Tiam1 were transiently transfected into COS cells. Lysates were separated into S100 (cytosolic) and P100 (membrane and cytoskeletal) fractions by centrifugation. Western blots show that although the 85-kDa protein is almost exclusively in the S100 fraction, the 135-kDa Tiam1 possessing the N-terminal PH domain is equally distributed between the S100 and P100 fractions (Fig. 6 ).
DISCUSSION
The Dbl family of GEFs, as defined by the presence of a DH-PH cassette, has more than 20 members (52, 53) . It has been established that the DH domain is responsible for mediating GEF activity (22) . Consistent with the notion that PH domains provide proper cellular localization, the PH domains of Dbl and Lfc mediate cytoskeletal and membrane association, respectively (23, 24) . Furthermore, for both of these oncogenes, an intact PH domain is necessary for cellular transformation.
Recently, it has been found that the interaction of PH domains with specific lipids can directly regulate the enzymatic activity of proteins in vitro. For example, dynamin GTPase activity is enhanced by PIP2 and IP3, but not by PIP3, in a PH domain-dependent manner (6) , and the PKB upstream activating kinase PDK1 is directly stimulated by PIP3 (8) . ARNO, a PH-containing ADP-ribosylation factor exchange factor unrelated to the Dbl family is activated by PIP2 (5, 7), although this activation may involve subcellular localization. Finally, the Dbl family exchange factor Vav can be activated by PIP3 (9), and the Dbl domain of Sos can be activated by phosphatidylinositol Fig. 1 ). C, after 10 min, exchange reactions conducted in the absence (open bars) or presence (solid bars) of 2.5 M AS were stopped that contained 100 nM Glu-Rac alone or Glu-Rac1 plus 50 nM of the indicated Tiam1 truncation mutants (87-kDa, 87-kDa ⌬PH-C, 135-kDa, or 135-kDa ⌬PH-C versions). D, excess GST-PH domain fusions can inhibit the ability of AS to stimulate Tiam1. GST fusion proteins of the C-terminal PH domain (GST-PH-C) and the N-terminal PH domain (GST-PH-N) were prepared. 10-min exchange reactions containing 100 nM Glu-Rac1 and 25 nM 135-kDa Tiam1 in the presence of the indicated concentrations of ascorbyl stearate were conducted without further additions (Ⅺ), with 1 M GST itself (E), with 1 M GST-PH-C (q), or with 1 M GST-PH-N (ࡗ). E, a peptide whose sequence derives from the C-terminal PH domain (LLHTTVIWLNPPASLGKWK) reverses the ability of 25 M AS to stimulate Tiam1 nucleotide exchange activity (Rac ϩ Tiam1 ϩ AS). As a control, the lack of peptide effect on the weak exchange in the absence of AS is shown (Rac ϩ Tiam1).
3Ј-kinase (PI3K) in cells (10) . Several laboratories have reported constitutive GEF activities of DH domains after deletion of the PH domain. Thus, the Sos (10), Vav (31) , and Dbl (23) GEFs appear to function independently of their PH domains. Indeed, the GEF activities of the DH-PH domains of Sos and Vav appear to be dependent on phosphoinositides only in the presence of an intact PH domain.
Our results suggest that the Tiam1 PH domain regulates the activity of the adjacent DH domain by binding to specific lipids. Recent structural studies on DH-PH domains have shed some light on the possible molecular mechanism. Consistent with the data presented here, the PH domain of Trio markedly enhances the activity of the contiguous DH domain when compared with the activity of the isolated DH domain (28) . NMR experiments show that the PH domain does not induce major structural changes in the DH domain. Rather, effects on activity are probably due to new binding interactions at the interface of the PH domain with the DH domain. Indeed, the crystal structure of the DH-PH tandem from Sos reveals important interactions between these two domains (29) . Previous PH-lipid structural determinations indicate that the lipid binds to the PH domain at a site distal to the interaction surface with the DH domain. Taken together, these structural studies predict that effects of lipid binding on exchange activity occur via allosteric remodeling of the DH-GTPase-binding site (29) .
Sf9 cell-produced hTiam1 is only active in the presence of lipids and is specific for Rac1. In contrast, it has been reported that exchange on both Rac and Cdc42 in vitro is stimulated by mTiam1 partially purified from COS7 cells without the addition of lipids (27) . The basis for this difference is unclear. It is possible that the Tiam1 preparations differ in their association with endogenous cellular lipids. It is interesting to note, however, that Tiam1 activity in cells is specifically blocked by dominant-negative Rac and not by dominant-negative Cdc42 (27) . Therefore, the Rac specificity of lipid-stimulated Tiam1 in vitro is consistent with its specificity in cells.
Tiam1 lacking the C-terminal PH domain could not induce lamellipodia in cells (Fig. 5, E, F, K, and L) . It has previously been reported that a 14-amino acid deletion in the C-terminal portion of this PH domain does not hamper the ability of mTiam1 to induce ruffling in NIH3T3 cells (54) . However, Ref. 54 also reported that a larger deletion of this PH domain does abrogate ruffling induction, which is consistent with our finding. In our microinjection experiments, the N-terminal PH domain was not absolutely necessary for lamellipodial induction but greatly enhanced the ability of Tiam1 to do so (Fig. 5) . However, Ref. 54 reported that a deletion of the N-terminal Tiam1 PH domain absolutely abrogated induction of ruffling in NIH3T3 cells. Because microinjection may result in much higher levels of protein expression, this may explain why the 85-kDa Tiam1, which is missing the N-terminal PH domain, can induce lamellipodia. Consistent with the suggestion in Ref.
54 that the N-terminal PH domain enhances membrane association, we also find that in transient transfections of COS1 cells, approximately 50% of the 135-kDa Tiam1 but less than 5% of the 85-kDa Tiam1 partitions into the P100 fraction (Fig. 6) .
Lipid-dependent activation of exchange activity suggests that PH domains may allow DH proteins to respond to products generated by lipid metabolizing enzymes. PI3K has been shown to mediate Rac activation by tyrosine kinase receptors (55) . Although Tiam1 activity is poorly stimulated by 3Ј-phosphorylated lipids (Fig. 4) , it is quite possible that these lipids are not properly presented in our in vitro system. Furthermore, the cellular activation of Tiam1 may involve both PH domains. The N-terminal PH domain of Tiam1 binds inositol phospholipids with much higher affinity than the C-terminal PH domain and shows a moderate (3-fold) preference for PIP3 over PIP2 (56) . This interaction may be in part responsible for the regulated translocation of Tiam1 to the membrane (54) .
We identified the synthetic lipid AS as an inhibitor of p120 RasGAP, and its site of action was localized to the N terminus of its PH domain ( Fig. 1 and data not shown) . The observation that a peptide modeled after the N terminus of the PH domain could inhibit AS function suggests that the interaction is similar to the interaction of other PH domains with phosphoinositol lipids (57) . The finding that AS also can activate the GEF activity of Tiam1 and that excess fusion proteins of either the Tiam1 N-or C-terminal PH domains can inhibit AS effects, strengthens the hypothesis that AS is able to mimic phosphoinositides in their interaction with PH domains.
A GAP1 homologue that was identified as an inositol 1,3,4,5-tetrakisphosphate-binding protein has a PH domain situated immediately downstream of its GAP domain (58) . Its Ras GAP activity is inhibited by phospholipids, but this inhibition is relieved by addition of inositol 1,3,4,5-tetrakisphosphate (58) . Regulation is likely mediated by the PH domain, although surrounding sequences are necessary for high affinity binding to inositol 1,3,4,5-tetrakisphosphate (59) . Whether a similar regulatory mechanism will hold true for p120 RasGAP, whose PH domain is situated N-terminal to the GAP domain, remains to be determined. Inhibition of PI3K activity in adipocytes either by LY294002 or wortmannin or by p85 or p110 subunit immunodepletion results in GAP activation, suggesting that in some cell types, products of PI3K may indeed be inhibitory toward GAP in vivo (60) .
It is unclear whether AS is synthesized by cells, and very few studies have explored its effects on cells. In one study, AS can prevent proliferation of human glioma cells with an IC50 of 68 M (61). In our experiments using human tumor cells, intact AS is short-lived, apparently because of metabolism by cellular esterases. Although we have found no literature to indicate a role for fatty acylated ascorbic acid, it is intriguing to consider the role of such molecules as second messengers in signal transduction. Whatever the physiological relevance of this compound turns out to be, AS should prove to be a valuable reagent to influence the activity of PH domain-containing proteins.
Within the Dbl family, there are now three different examples of how the PH domain can regulate the GEF. The PH domain of Lfc provides membrane localization that can be substituted by prenylation (24) . It is unclear whether the PH domain of Lfc has affinity for lipids or a particular protein ligand. The PH domain of Dbl leads to association with the detergent-insoluble cytoskeletal fraction, suggesting that it may have a protein binding partner (23) . The observation that Dbl-induced transformation is blocked only by the PH domain of Dbl but not by the PH domains of DH proteins Vav and Cdc24 also supports the suggestion that these PH domains may have different functions. For Tiam1, the GEF activity of the DH domain is regulated by lipid binding to the adjacent PH domain. For all three of these proteins, it has been shown that cellular function is dependent on a functional PH domain; however, the mechanism by which the PH domain contributes may differ between Lfc, Dbl, and Tiam1. For Tiam1, we suggest a model in which domains outside of the DH-PH cassette, in particular the N-terminal PH domain and adjacent sequences, respond to upstream signals to bring Tiam1 to the membrane. The C-terminal PH domain may restrict the activity of the DH domain to the proper membrane environment and/or provide proper orientation in the membrane to allow for Rac activation.
